The authors investigate the resonances of split-ring resonator (SRR) structures experimentally and theoretically. The transmission measurements were performed on a single SRR unit cell and periodic arrays of SRRs. The magnetic response of the SRR structure was demonstrated by comparing the SRRs' transmission spectra of with that of closed ring resonators (CRR). The surface currents along the SRR surfaces at the magnetic and electrical resonances were simulated and a circular surface current was observed at the magnetic resonance frequency. The transmission characteristics of SRR arrays with two different orientations were also presented by varying the incident angles of the plane wave.
Introduction
Artificially constructed materials may exhibit different physical characteristics that are not attainable by ordinary materials. In recent years split ring resonators (SRR) received a growing amount of interest since such structures may lead to negative values of permeability. Pendry et al. proposed that SRRs built from nonmagnetic thin sheets of metal possess a wide range of effective magnetic permeability values including negative ones [1] . Later experimental and theoretical studies have shown that SRR media, when combined properly with thin wire media, may exhibit left-handed properties [2] [3] [4] [5] . Since SRR structures are quite undiscovered and are the essential components of LHMs, a considerable amount of effort has been made in order to understand the underlying physics of SRRs [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The studies on SRRs and metamaterials are mainly performed at the gigahertz (GHz) frequency regime because of their ease of fabrication. However, recently there has been a tendency to increase the magnetic resonance frequencies of SRRs up to terahertz (THz) frequencies [17, 18] .
In this present work, we studied the behavior of resonances (both magnetic and electrical) experimentally and theoretically. We first present the measurements and simulations on the single unit cells of SRRs and closed ring resonators (CRR). We also performed simulations to observe the surface currents on magnetic and electrical resonances. Later, we show the results on the arrays of SRR and CRR structures. Finally, we vary the angle of incidences in order to understand the band gap formation at the transmission spectra of SRR structures.
2 Magnetic resonance from a split-ring resonator unit cell Split-ring resonator structures are built from nonmagnetic concentric copper rings with splits oriented at opposite sides. Figure 1 gap between the inner and outer rings are 0.2 mm, the metal width is 0.9 mm, and the outer radius is 3.6 mm. SRR is deposited on a dielectric board with a thickness of 1.6 mm and ε = 3.85.
The resonant behavior of SRR is due to capacitive elements (gaps and splits), which in turn results in rather high positive and negative values of permeability close to the magnetic resonance frequency (ω m ). If a single SRR unit cell is excited with an EM wave with the appropriate polarization, the SRRs respond to the magnetic component of the incident field due to the magnetic resonance. The splits in the SRR structure play a key role in obtaining magnetic resonance. Removing the splits prevents the current from flowing between the inner and outer rings, and therefore, the magnetic resonance is destroyed. The closed ring resonator (CRR) is shown in Fig. 1(b) .
We measured the frequency response of SRR and the CRR unit cells. Two monopole antennas were used to transmit and detect the EM waves through the single SRR unit cell. Monopole antennas were then connected to the HP-8510C network analyzer in order to measure the transmission coefficients. The incident EM wave propagates along the x direction, with an electric field (E) and magnetic field (H) along the y and z directions, respectively.
Figure 2(a) shows the measured frequency response of single SRR (blue) and CRR (red) structures. Throughout the frequency spectrum for the SRR case, three transmission dips were observed at 3.82, 8.12, and 10.90 GHz. However, for the CRR case a single dip was measured at 10.92 GHz. We also performed simulations to check the experimental results. Simulations were performed by using commercial software, CST Microwave Studio, which is a 3D full-wave solver, employs the finite integration technique (FIT). The simulation results that are shown in Fig. 2 (b) are in good agreement with the experiments.
For the CRR, no magnetic resonance was observed. However, for the SRR we observed two magnetic resonances at ω m1 = 3.82 GHz and ω m2 = 8.12 GHz. The SRR structure not only exhibits magnetic resonance induced by the splits at the rings, but electric resonance is also present via the dipole-like charge distribution along the incident electric field. Such an electric resonance behavior is observed at We also performed simulations in order to monitor the magnitude of the magnetic field at the SRR structure by using Microwave Studio. The simulations were performed at 3.77 GHz and 11.92 GHz, which correspond to the transmission dip in the simulated transmission spectrum of SRR (former is the magnetic, latter is the electrical resonance). The magnitude of the magnetic fields are shown in Fig. 3 . As clearly seen in Fig. 3(a) , a circular current is present at the SRR. Such a circular current excites the magnetic resonance, and therefore, a transmission dip was observed at 3.77 GHz in simulations. However, the behavior of the magnetic field changes at 11.92 GHz (see Fig. 3(b) ). The direction of the current flow is not circular, but rather an up-down direction. Since the current is not circular the magnetic resonance cannot be excited. The transmission dip at this frequency can only be due to the electrical resonance of the ring resonator structure.
Periodic arrays of split-ring resonators
In the previous section we performed measurements and simulations on a single unit cell of SRR and CRR. We further simulated and measured the transmission through periodic SRR and CRR media. A band gap in the transmission spectrum of a periodic SRR medium might be due to negative ε or negative µ, or solely due to the periodicity. A frequency gap that is present in the transmission spectrum of SRR medium, but that is not in the CRR medium, will correspond to µ < 0. In the measurements, the number of unit cells along the x, y, and z directions are N x = 10, N y = 20, and N z = 25. The incident EM wave propagates along the x direction, while E is along the y direction, and H is along the z direction (refer to Fig. 1(a) for the directions). Figure 4 (a) shows the measured transmission spectra of periodic SRRs (blue solid line) and CRRs (red dashed line) between 3-13 GHz. The first band gap in the transmission spectrum of the SRR medium between 3.55-4.07 GHz is not present in the CRR medium. However, the second band gap (8.20-11.90 GHz) is present for the SRR and CRR arrays. Simulation results provided in Fig. 4(b) agrees well the experimental data. Therefore, the first band gap is due to the magnetic resonance induced by the splits, and therefore, permeability becomes negative throughout the band gap. These measurements and simulations clearly show that the stop bands of an SRR medium cannot be assumed as a result of "negative µ" behavior. Some of the observed gaps (such as a second band gap in this measurement) in the transmission spectra could also originate from the electrical response of the SRRs or from Bragg gaps due to periodicity. In a recent study, we extracted the effective parameters of an SRR array by employing a retrieval procedure [19] . The effective permeability was calculated to be negative within the first stop band of SRR, which is in agreement with the observed behavior in this present study.
Negative magnetic permeability is only achievable via parallel polarization, where the wave vector is parallel to the SRR plane and the H-field is along the z-axis. A magnetic field, when perpendicular to the SRR plane, induces current loops at the resonance. However, it is not possible to obtain a magnetic response from the SRR structure if the magnetic field is parallel to the SRR plane. On the other hand, it has been recently argued that for the specific orientation of the SRR and polarization of an incident EM wave, it is possible to obtain resonance due to electric field excitation [6] . This effect is called "electric excitation of the magnetic resonance (EEMR)" and is due to the bianisotropy of the conventional SRR design. This effect is a useful tool for obtaining magnetic responses of bianisotropic SRRs at higher frequencies, such as THz frequencies [18] . For parallel polarization one needs to stack many SRR samples, and therefore, much more time is required to fabricate such structures. However, rather few samples are sufficient to "indirectly" observe the cross-polarization effect by making use of the perpendicular polarization.
In a recent work, Gundogdu et al. studied the EEMR effect by varying the angle of incidences of the incident plane wave [20] . They placed a 5 layer SRR metamaterial and measured the transmission and reflection coefficients. However, the range of the incident angles was not large as a result of the low number of layers. We employed two different SRR orientations at angles of incidences varying between 0-90°. One is the normal SRR as shown in Fig. 1(a) and the other is the 90° rotated SRR as in Fig. 1(c) . The insets of Fig. 5(a) and (b) show the schematic drawing of the experimental method that we employed. The E-field is always along the y direction for all the angles of incidences and the k-H plane is rotated around the y axis from 0 to 90 degrees. The case for 0° corresponds to the parallel propagation and 90° corresponds to the perpendicular propagation. It is noteworthy that magnetic resonance is only possible with parallel propagation. The data and inset of Fig. 5(a) and (b) belong to the normal SRR and rotated SRR orientations, respectively. 
Original
Paper transmission within the band gap increases when the incident angle is increased to 30°. Increasing θ to 60° results in a further increase in the transmission. The magnetic resonance becomes weaker and weaker with the increase in the incident angles, in which the band gap disappears for the perpendicular propagation i.e., for θ = 90°. Interestingly, the behavior changes for the rotated SRR case, since the E-field is no longer symmetric regarding the SRR. The electrical excitation of magnetic resonance is possible for this orientation. The transmission results shown in Fig. 5(b) support this statement. For all the angles of incidences, there appears a band gap at the measured transmission spectra of SRR. At θ = 0°, magnetic resonance is present and the band gap is narrower. However, at 90°, electric resonance asserts itself and a wider band gap is observed. The evolution of the band gap for the incident angles from 0 to 90° is clearly seen in Fig. 5(b) .
Conclusion
To conclude, we investigated the transmission properties of single SRR and CRR unit cells excited with a point monopole source, and periodic SRR and CRR arrays shined with plane waves. The simulations and measurements confirmed that at certain frequencies SRR structures have magnetic resonances. By making a comparison between SRR and CRR arrays, the magnetic resonances can be found easily. We also performed simulations in order to observe how the surface currents flow at magnetic and electrical resonances. Circular currents flow along the SRR surfaces at the magnetic resonance; however, the behavior of the currents at the electric resonance is quite different. The EEMR effect is shown by varying the incident angles of a plane wave.
